2＋ ] c ) in
Saccharomyces cereviseae cells monitored with transgenic aequorin, a Ca 2＋ -dependent photoprotein. The PEA-induced [Ca 2＋ ]c increase was dependent on the concentrations of PEA applied, and the Ca 2＋ mostly originated from an extracellular source. Preceding the Ca 2＋ in‰ux, H2O2 was generated in the cells by the addition of PEA. Externally added H2O2 also induced a [Ca 2＋ ]c increase. These results suggest that PEA induces the [Ca 2＋ ]c increase via H2O2 generation. The PEA-induced [Ca 2＋ ] c increase occurred in the mid1 mutant with a slightly smaller peak than in the wild-type strain, indicating that Mid1, a stretchactivated nonselective cation channel, may not be mainly involved in the PEA-induced Ca 2＋ in‰ux. When PEA was applied, the MATa mid1 mutant was rescued from a-factor-induced death in a Ca 2＋ -limited medium, suggesting that the PEA-induced [Ca 2＋ ]c increase can reinforce calcium signaling in the mating pheromone response pathway.
Key words: calcium signaling; cytosolic Ca 2+ ; hydrogen peroxide; b-phenylethylamine; Saccharomyces cerevisiae b-Phenylethylamine (PEA), an aromatic monoamine, is a secondary metabolite normally present at very low concentrations, and functions in neural systems in mammals.
1) The oxidative deamination of PEA generates H2O2, and induces the release of Ca 2+ from isolated brain mitochondria. 2) In plants, PEA and its derivatives are wide spread.
3) PEA induces the generation of reactive oxygen species (ROS) and a [Ca 2+ ]c increase in tobacco suspension cultures and may trigger a signal transduction cascade leading to plant defense responses. 4, 5) A similar ROS generation and [Ca 2+ ]c increase were observed in a tobacco suspension culture treated with salicylic acid, a compound tightly involved in systemic acquired resistance in pathogen-attacked plants. 6, 7) Salicylic acid induces a [Ca 2+ ] c increase also in yeast cells. 8) Various stimuli including a mating pheromone 9, 10) and osmotic stress 11) have been shown to induce [Ca 2+ ]c increases in yeasts. The mating pheromone response pathway is known to be dependent on calcium signaling. A [Ca 2+ ] c increase due to Ca 2+ -in‰ux from an extracellular source induced by mating pheromone occurs in the mating response pathway. This [Ca 2+ ]c increase is a crucial factor for promoting the survival of yeast cells exposed to mating pheromone in low Ca 2+ media, 9, 10) and the in‰ux is facilitated by two plasma membrane calcium permeable channels, Mid1 10, 12) and Cch1. 12, 13) The yeast mating pheromone response pathway has been used for studying proteins whose activation is depending on Ca 2+ . 14, 15) Therefore, the yeast mating pheromone response pathway may serve as a good system to examine whether the increase of [Ca 2+ ]c may be involved in calcium signaling that causes any cellular 
Materials and Methods
Yeast strains and transformation of apoaequorin. Yeast strains used in this study were a standard laboratory wild-type yeast strain, W303-1A, with a genotype MAT a his3 leu2 trp1 ade2 ura3, and a mid1 mutant strain H301, MAT a his3-D1 leu2-3,112 trp1-289 ura 3-52 sst1-2 mid1 and its parental wildtype strain H207, MAT a his3-D1 leu2-3,112 trp1-289 ura3-52 sst1-2.
10) A 2-mm yeast expression vector pKT11 containing a full-length cDNA encoding apoaeqorin under regulation of a glucose-inducible promoter, TDH3 was introduced into yeast cells by a yeast transformation method using lithium acetate. Cells were grown on a selective complete-dextrose medium without uracil (SD-Ura medium) at 309 C for 3 d as pKT11 contains the URA3 gene as a selection marker. After aequorin was reconstituted as described below, the cell suspensions of Ura + transformants were treated with the same volume of 2 M CaCl2 in 20z ethanol to test their ability to produce aequorin luminescence. 
Monitoring of Ca
2+ -dependent aequorin luminescence. For monitoring Ca 2+ -dependent aequorin luminescence, mid log phase yeast cells grown on SDUra plates were incubated in SD medium without CaCl2 (SD-Ca medium) with 50 mM coelenterazine at 309 C for 30 min to reconstitute aequorin from apoaequorin. 16) Then the cells were centrifuged to remove the excess of coelenterazine, and suspended in SD medium containing 100 mM CaCl2 (SD.Ca100 medium). One hundred ml of yeast culture with a density of 3×10 8 cells W ml was taken in a plastic cuvette and Ca 2+ -dependent aequorin luminescence was measured with a luminometer (Lumicounter 1000; Microtech-Nition Co., Funabashi, Japan) connected with a pen recorder as described previously. 8, 17) The luminescence was expressed in relative luminescence units (rlu).
Detection of H2O2 generation in yeast cells. Stationary-phase yeast cells were incubated with dichloro‰uorescin diacetate (10 mg W ml), a membrane-permeable ‰uorescent probe for H2O2, at 309 C for 1 h. The cells were collected by centrifugation and washed with and suspended in SD medium. Intracellular H 2 O 2 generation in yeast cells were measured by monitoring ‰uorescence of dichloro‰uorescein, the oxidized product of dichloro‰uorescin, which was a hydrolysis product of dichloro‰uorescin diacetate by intracellular esterases, at excitation and emission wavelengths at 488 and 524 nm, respectively.
4)
Observation of morphology and viability of cells. For microscopic observations, yeast cells were grown in SD.Ca100 medium at 309 C to reach a density of 2×10 6 cells W ml, and exposed to 6 mM a-factor, a mating pheromone. At designated times, a portion of the culture was mixed with the equal volume of 0.01z methylene blue W 2z sodium citrate solution.
9) The morphology and viability of the cells were examined under a diŠerential interference-contrast microscope. 2+ ]c increase Figure 1 shows that the addition of PEA up to 2.5 mM induced a transient [Ca 2+ ]c increase in a dosedependent manner in the wild-type yeast cells. With 2.5 mM PEA, [Ca 2+ ]c reached a peak within a few seconds, then decreased to a sustained level slightly higher than the resting level, and this level lasted over the observing time (3 min examined. As shown in Fig. 2 2+ ]c increase in yeast, the generation of intracellular H2O2 was monitored by using dichloro‰uorescin, which is a non‰uorescent compound and is converted to ‰uorescent dichloro‰uorescein by H2O2-dependent oxidation. When 10 mM PEA was added to yeast culture, a rapid increase in ‰uorescence of dichloro‰uorescein followed by a gradual increase was observed (Fig. 3A) . The addition of 50 mM H2O2 increased the intensity of ‰uorescence, conˆrming that a H2O2-dependent ‰uorescence was generated in yeast cells. These results also indicate that PEA permeated into the cells and was oxidized to generate H2O2.
Results

PEA-induced [Ca
Next, the eŠects of H2O2 administration on [Ca 2+ ]c were investigated in yeast cells expressing aequorin. Though exogenous H2O2 induced a [Ca 2+ ]c increase, the amplitude of the peak produced by 10 mM H2O2 was much lower than that by 2.5 mM PEA (Fig. 3B) . Although H2O2 could easily permeate the cell membrane, the intracellularly generated H2O2 seemed more eŠective on the [Ca 2+ ]c increase.
EŠects of several monoamines on a [Ca 2+ ]c increase
Potencies of several monoamines such as benzylamine, serotonin, and ethylamine in inducing a [Ca 2+ ]c increase were compared to PEA at a dose of 2.5 mM. As shown in Fig. 4 , benzylamine, which has a structure similar to PEA, could induce a [Ca 2+ ]c increase in wild-type yeast cells. However, the amplitude of the peak induced by benzylamine was much 
PEA-induced [Ca 2+ ]c increase involved in the mating pheromone response pathway
Toˆnd whether the Mid1 channel is involved in the PEA-induced Ca 2+ in‰ux, the eŠect of PEA on the [Ca 2+ ]c increase was done in the mid1 mutant (strain H301). The addition of PEA up to 2.5 mM induced a [Ca 2+ ]c increase in the mid1 mutant, but the peak was smaller in the mutant than either in its parental strain H207 (data not shown) or a wild-type strain (Fig. 1,  Fig. 5B, C) . This result suggests that the Mid1 channel is involved in the PEA-induced Ca 2+ in‰ux in part and that there is another Ca 2+ -permeable channel responsible for more of it.
Since PEA was able to induce a [Ca 2+ ] c increase in the mid1 mutant, we tested whether this increase rescues the mutant from the mating pheromone-induced death, a phenotype of the mutant. It has been shown that the mid1 mutant cells die after diŠerentiation into shmoos when incubated in a low Ca 2+ medium, SD.Ca100. 10) Cells of the mid1 mutant were incubated for 8 h with 6 mM a-factor in the presence and absence of PEA, and cell viability and morphology were then examined. As shown in Fig. 5D-F and Table 1 , the mid1 cells not treated with PEA lost viability (16z viable), but those treated with 0.5 and 2.5 mM PEA maintained viability as high as 32 and 76z, respectively. In the same experimental conditions, the viability of its parental strain (H207) was more than 90z (Table 1) .
Cell morphology was also recovered by PEA (Fig. 5E, F) . Incubation with a-factor in the absence of PEA led the mid1 cells to diŠerentiate into shmoos having a single mating projection and then to die (Fig. 5D) . PEA made the mid1 mutant to diŠerenti-ate into viable shmoos having two projections, a phenotype of the parental strain (Fig. 5E, F) .
These results suggest that the PEA-mediated Ca 2+ in‰ux system can compensate for loss of the function of the Mid1 channel in the mating pheromone response.
Discussion
In eukaryotic cells, [Ca 2+ ]c is maintained at a low 2+ ]c increase in a tobacco suspension culture as a consequence of ROS generation. 4, 5) As much as 75z of ROS generation in the apoplast is catalyzed by peroxidase and copper amine oxidase. The remaining part of ROS is generated intracellularly by peroxidase-like and monoamine oxidase-like activities. In mammals, the oxidative deamination of aromatic monoamines including PEA generates H2O2. 2, 18) This reaction is catalyzed by ‰avin-containing monoamine oxidases. Mammals have two types of monoamine oxidases, A and B. They are distinguished from each other by their substrate preference and susceptibility to inhibitors. Monoamine oxidase A prefers serotonine and dopamine as its substrates, while monoamine oxidase B does PEA. The PEA-induced Ca 2+ release from isolated rat-brain mitochondria is due to H 2 O 2 generation catalyzed by monoamine oxidase B.
2) In this study, because PEA and benzylamine, but not serotonin and ethylamine, induced [Ca 2+ ]c increases in yeasts, we speculate that a monoamine oxidase B-like enzyme generated H2O2. In yeast, FMS1 encoding a potential putative ‰avin-containing monoamine oxidase, 19) has been characterized, and recently demonstrated to play a role in the metabolism of pantothenic acid, 20) however, its monoamine oxidase activity remains to be elucidated. There has been a body of evidence showing that H2O2 induces a [Ca 2+ ]c increase in eukaryotic cells [21] [22] [23] [24] as well as in prokaryotic cells. 25) Thus, we proposed that PEA permeates into yeast cells, generates intracellular H2O2, and subsequently induces a [Ca 2+ ]c increase. The in‰ux of extracellular Ca 2+ is supposed to be facilitated by Ca 2+ channels in the plasma membrane. MID1 has been demonstrated to be a gene encoding a plasma membrane protein required for Ca 2+ in‰ux and mating response in S. cerevisiae.
10)
Recently, Mid1 was identiˆed as a stretch-activated nonselective cation channel permeable to Ca 2+ . 26) Our study showed that Mid1 might not be a major PEA-induced Ca 2+ in‰ux channel. Therefore, an unidentiˆed Ca 2+ -permeable channel(s) with sensitivity to H2O2 may facilitate the PEA-induced Ca 2+ in‰ux across the plasma membrane of yeast.
